The appropriate dose and the ability of exogenous ACTH to mimic the physiological effects of a real stressor need to be determined. In Exp. 1, 25 pregnant Brahman heifers were injected i.v. with either 0 (saline), .125, .25, .5, or 1 IU of ACTH/kg BW. Plasma cortisol was determined in blood samples collected during a 5-h period, and an integrated cortisol response was calculated for each cow. The greater the dose of ACTH, the greater was the integrated cortisol response ( P < .001). However, peak plasma cortisol in response to the four doses of ACTH did not differ ( P > .6). The plasma cortisol concentrations returned to baseline more slowly in those cows receiving the greater doses of ACTH, making their integrated areas of response greater. In Exp. 2, pregnant Brahman cows were either transported 48 km ( n = 28), injected with 1 IU of ACTH/kg BW ( n = 21), or served as shams ( n = 28). Each treatment was repeated at 60, 80, 100, 120, and 140 d of gestation. Shrink was greater for the transported cows than for either the ACTH-treated or sham cows, 14.3, 6.0, and 5.2 kg ( P < .001). Shrink also decreased in response to each subsequent application of treatment for all three treatment groups ( P < .001). Transported cows had lower plasma cortisol concentrations after the first two applications of treatments ( P < .006). The range of doses of ACTH caused a similar peak cortisol release; however, it took cortisol longer to return to baseline as ACTH dose increased. Repeated administration of exogenous ACTH did not cause the same amount of shrinkage as transportation, and the resultant cortisol concentrations remained consistent for each administration. There was no apparent carryover effect of repeated administration of ACTH at 20-d intervals. Maximal plasma cortisol concentrations in Brahman cattle can be obtained with doses of ACTH much smaller than those traditionally injected. However, larger doses of ACTH maintained plasma cortisol concentrations for a longer duration. Repeated transportation caused a decrease in cortisol release and shrinkage indicative of psychological habituation. Injections of ACTH did not cause the same physiological response as transportation.
Introduction
Researchers have tended to concentrate on the mechanisms of the hypothalamic-pituitary-adrenal ( HPA) axis when studying stress because many stimuli that we consider to be stressors activate the HPA axis. One technique commonly used to determine the sensitivity of the HPA axis is to inject ACTH to test the capability of the adrenal gland to secrete glucocorticoids (e.g., Gwazdauskas et al., 1972; Friend et al., 1977) .
Many researchers have administered either ACTH or dexamethasone to research animals to study the effects of elevated glucocorticoids on such factors as the immune system (e.g., Paape et al., 1973; Blusse et al., 1981; Minton and Blecha, 1991; Mukaida et al., 1991) . This method of simulating the hormone release in response to stress has an advantage because a more consistent circulating hormone concentration can be obtained in each research animal.
In order to compare the effects of elevated plasma cortisol due to exogenous ACTH administration to actual stress, the appropriate dose of ACTH needs to be identified. Although ACTH challenge to the adrenal gland has been commonly used, there is little consistency between experiments as to the dose of ACTH to administer (e.g., Shayanfar et al., 1974; Phillips et al., 1991; Zavy et al., 1992 ). An understanding of the effects of different doses of ACTH will aid researchers trying to understand the complex physiological interactions that occur during stress.
Our first objective was to determine how different doses of ACTH affect plasma cortisol concentrations and behavior of pregnant Brahman heifers. Our second objective was to compare injection of the appropriate dose of ACTH with the normal stress of transportation, and to repeat this comparison at five specific times during gestation. Teflon TFE, Cole-Parmer, Chicago, IL) was inserted toward the heart into the jugular vein, with another 15 cm left outside the animal. The external end of the tubing was fitted with an 18-gauge stub adapter. A 2% Na-EDTA solution was injected into the tubing, which was then sealed with a plastic cap that fitted into the stub adapter. The external end of the tubing was taped to each cow's neck until the next day, when 2.3 m of extension tubing (i.d. 1.65 mm, Tygon microbore, Cole-Parmer, Chicago, IL) was added before treatment.
Materials and Methods

Experiment 1: Dose Response to ACTH
On the day that treatments were applied, heifers ( 5 heifers on the 1st d, 10 on the 2nd d, and another 10 on the 3rd d ) were placed in a straight chute (.7 m wide) constructed of portable panels. The chute was then divided into 2.5-m sections, so that each section contained a heifer. By securing 1.5-m-long horizontal boards to vertical supports on the panels (Priefert Manufacturing Co., Mt. Pleasant, TX) five cows were held in each of two rows of these panels. Because the metal panels did not have solid sides, each cow could readily see at least two of her conspecifics. This restraint system also allowed for both auditory and olfactory contact between individuals. A row of five cows contained one cow from each treatment. All cows were loosely restrained by these panels for the entire 5-h sampling time.
Blood samples (10 mL) were drawn into syringes containing .1 mL of a 10% Na-EDTA solution at 15 and .5 min before and at 15, 30, 45, 60, 75, 90, 120, 150 , and 180 min after injection of treatment. Blood samples were then immediately placed in an ice bath and centrifuged at 0°to 5°C within 2 h of sampling. The plasma was frozen at −5°C until analysis for cortisol.
Ten-minute behavioral observations were conducted immediately before the 120, 150, and 180-min sample times. Five trained observers recorded behaviors for the heifers, such that all heifers were observed simultaneously. Behaviors recorded were number of vocalizations, ruminations (number of chews), time spent lying, number of steps taken, tail switches, urinations, and defecations.
Cortisol concentrations were determined on duplicate samples using commercially available RIA kits (Pantex, Santa Monica, CA). This antibody has been validated for cattle by the Texas Veterinary Medical Diagnostic Laboratory and used extensively in our laboratory (e.g., Lay et al., 1992a,b,c,d; Bowers et al., 1993) . Samples were reassayed if the duplicates differed by more than 5%. The intraassay CV for cortisol was 12.4%. Crossreactivity of the antiserum was as follows: cortisol, 100%; prednisolone, 40%; 11-desoxycortisol, 13.3%; corticosterone, 10.5%; and cortisone, prednisone, and dexamethasone < 3.1% (analyses by Pantex).
The resultant plasma cortisol concentrations were used to calculate the adrenal response ( AR) to exogenous ACTH. The AR was determined following the method of Friend et al. (1977) by calculating the area under the curve described by cortisol values from 0 to 300 min:
where C is the cortisol concentrations for the n th sample in nanograms/milliliter and h is the time in hours between samples n and n + 1. The area described by the two blood samples taken before ACTH administration was subtracted from the area at each time interval after ACTH administration, in order to account for individual variation in basal concentrations of cortisol.
Experiment 2: Transportation vs ACTH Injection
Seventy-seven pregnant Brahman cows were used to compare the effects of transportation and ACTH injection during gestation. In order to be sure of the exact age of the conceptus, the Brahman cows were artificially inseminated during a 2-mo period. The breed of the sire was either Brahman, Tuli, or Angus. Pregnancy status was determined by palpation and the cows were randomly assigned to one of three treatments: ACTH-injected ( n = 21), transported ( TRANS, n = 21), or sham ( n = 28). The ACTHtreated cows received 1 IU/kg BW of ACTH; TRANS cows were transported in trailer loads of four to six animals for 24.2 km, unloaded, left in a holding pen for 1 h, and then returned to the original ranch. To keep the transportation treatment consistent for all TRANS subjects, the same truck, route, and driver were used. The sham cows were herded through the squeeze chute together with the cows in the other two treatments and held in a corral with the ACTH cows while the TRANS cows were transported. As in Exp. 1, ACTH was administered via the jugular vein. We selected 1 IU/kg of BW of ACTH for this experiment because data from Exp. 1 indicated that this dose would elevate plasma cortisol concentration for several hours, which we felt would more closely parallel the cortisol response to transportation.
All cows from each treatment were maintained in the same herd. When a cow reached one of the five designated stages of gestation, (60, 80, 100, 120, and 140 d within a 5-d window), the entire herd was brought into a corral and sorted. Those cows not at the appropriate stage of gestation to receive treatment were returned to pasture and the cows that were to receive their treatments were herded through the facility. After body weight was recorded, a blood sample was collected via tail venipuncture and immediately placed in an ice bath until centrifugation. The ACTH cows were given an injection of ACTH and the TRANS cows were loaded onto a trailer and transported. One hour later, all cows from each treatment were again herded through the facility to collect another blood sample and to record body weight. The difference between the first body weight and the second was used to calculate percentage of shrink. The blood plasma was stored and analyzed for cortisol following the procedure in Exp. 1. The intraassay CV for cortisol was 13.1%.
Temperament scores were assigned to each cow based on frequent interactions between the cow and the observer during routine management procedures. A cow received a score of 1 if it approached, touched, pushed, and licked the observer; a score of 2 if it approached the observer but not close enough to touch and would not tolerate human touch; or a score of 3 if the cow did not approach the observer and retreated when approached.
Statistical Analysis
Cortisol data were used from Exp. 1 to calculate the AR and those data were analyzed as a completely randomized experiment with treatment and temperament as main factors. Behavioral data were analyzed using the Kruskal-Wallis ANOVA and the chi-square test (Siegel and Castellan, 1988) .
All cortisol and shrink data (kilograms) were analyzed using the GLM procedure (SAS, 1989) as a split-plot model accounting for repeated measures (sample interval). The main factors included treatment and dam identification nested within treatment, and the split-plot factors were sample interval and treatment × sample interval. The mean square error for dam identification nested within treatment was used to test for treatment effects, and the mean square error for treatment × sample interval was used to test for sample interval effects. If the interaction proved to be significant, least squares means were used to identify differences.
Results and Discussion
Experiment 1: Dose Response to ACTH
Injection of ACTH caused mean plasma cortisol concentrations to peak within 15 to 45 min ( Figure  1 ). There were no differences between maximum plasma cortisol concentrations for any of the four doses of ACTH; however, the greater the dose of ACTH the greater was the AR for each treatment ( P < .001). Although all doses of ACTH caused similar peak cortisol concentrations, the larger doses of ACTH caused mean plasma cortisol concentrations to remain elevated for longer periods of time. The smallest dose of ACTH (.125 IU/kg) allowed cortisol to return to baseline within 3 h of injection, in contrast to the greatest dose of ACTH, which maintained elevated mean plasma cortisol concentration throughout the entire sampling period (Figure 1) .
It is interesting that the larger doses of ACTH caused a prolonged cortisol response in spite of the short half-life of ACTH in the circulation (approximately 10 min, Baxter, 1988) . Because of the short half-life of ACTH, virtually none of the exogenously administered ACTH should have been in the circulation for more than approximately 40 min, yet elevated cortisol concentrations were maintained for over 2 h. Coupled with the negative feedback system of the HPA axis, which would reduce output of endogenously produced ACTH in response to the large output of cortisol, one would expect cortisol response to drop dramatically upon degradation of circulating ACTH. There are several possibilities to explain how elevations in plasma cortisol concentrations could have been maintained. Possibly the enzyme and protease systems responsible for breaking down and excreting ACTH were overloaded such that the half-life of ACTH was prolonged. This would allow for ACTH to continue to bind to receptors on the adrenal gland, thereby continuing to stimulate cortisol response. Another possibility is that the exogenously administered ACTH bound to receptors on the adrenal gland, which prevented ACTH from being broken down. These hormone receptor complexes would then become activated and be able to stimulate cortisol release until they were broken down or cast off by the cell. A third possibility is that the exogenous ACTH used in this study (porcine), although similar to bovine ACTH in that it causes a release of cortisol, has a longer half- Figure 1 . Mean plasma cortisol concentrations for each of four doses of ACTH and control (injected with saline). ACTH and saline were injected at 15 min. As the dose of ACTH increased so did the area described by the dose response curve for each of the four doses (P < .001). Maximal cortisol concentrations did not differ (P > .60). The pooled mean across all five treatments is 32.5 ng/mL, with a pooled SEM of 1.9.
life than endogenous bovine ACTH due to the slight difference in amino acid sequence.
Many researchers have used exogenous ACTH injection to stimulate the adrenal gland (e.g., Gwazdauskas et al., 1972; Friend et al., 1977) . Doses of ACTH have varied from .32 IU/kg of BW in dairy cows (Smith et al., 1973) to 1 IU/kg of BW for steers (i.e., Phillips et al., 1991) . A common assumption concerning the dose of ACTH administered in previous experiments has been that the particular dose caused a maximal release of cortisol. Data from our study indicate that even our lowest dose of ACTH will induce plasma concentrations of free cortisol to reach apparently maximal concentration. Therefore, only a minimal dose (.125 IU/kg BW) of ACTH is needed when trying to achieve maximal free plasma cortisol. Larger doses of ACTH are needed if the researcher wishes to maintain plasma cortisol for a longer time period.
The doses of ACTH used in this study, administered peripherally, did not affect any of the behaviors that were recorded. Injections of corticotropin-releasing hormone ( CRH) into the central nervous system have been found to increase locomotor activity, grooming activity, and feed intake in rats (e.g., Sutton et al., 1982; Koob et al., 1993 Richard, 1993) and increased activity in pigs (Johnson et al., 1994) . In contrast, CRH caused a decrease in exploratory behavior when the animal was in a "psychologically" stressful environment (Sutton et al., 1982; Takahashi et al., 1989) . Additionally, injections of a CRH antagonist can reverse many of the behavioral responses to stressors . Behavior has not been affected when CRH is peripherally administered. These observations along with our own data suggest that circulating ACTH or glucocorticoids are not the primary cause of altered behavioral reactions during stress.
Experiment 2: Transportation vs ACTH Injection
In Trial 2, TRANS cows had a greater percentage of shrink than did either ACTH cows or sham cows ( P < .001, Figure 2 ). At 60 d of gestation, the TRANS cows had a 4% shrink in body weight compared to 2% for both the ACTH cows and the sham cows. The amount of shrink decreased with each subsequent application of treatment ( P < .001). Cows from all three treatments increased their body weight by approximately 5% between d 60 and 140 of gestation. This indicates that a small fraction of the decline in percentage shrink weight is due to the increased weight (most likely due to pregnancy) of the cow, whereas the remaining shrink indicates that cows from all three treatments became accustomed to the sampling and treatment procedures. The greater shrink observed in the TRANS cows confirms that an actual stressor, such as transportation, activates systems other than the HPA axis that are of Figure 2 . Percentage of shrink in body weight in response to repeated application of treatments. Percentage of shrink decreased in all three treatments (P < .001), the transported cows had the greatest percentage of shrink at each application of treatment (P < .001). The pooled mean across all three treatments is 1.77%, with a pooled SEM of .28. Figure 3 . Mean plasma cortisol in response to repeated application of treatments. Cows given ACTH had greater plasma cortisol than transported cows (P < .01) and the sham cows had concentrations lower than those of either the transported or ACTH-treated cows (P < .001). The transported cows had greater plasma cortisol concentrations on d 60 and 80 than on d 100, 120, or 140 (P < .006).
physiological significance, in this case increasing urination and defecation during treatment.
Injections of 1 IU/kg of BW of ACTH induced greater mean plasma cortisol concentrations than those measured in the TRANS and sham cows ( P < .01, Figure 3 ). Mean plasma cortisol concentrations of the sham cows remained at basal concentrations, and cortisol concentrations for TRANS cows, although consistently greater than those of the sham cows, declined by the third application of treatment ( d 100 of gestation, P < .006). This decline in mean plasma cortisol concentration indicates that the TRANS cows were acclimating to transportation. The basal concentrations of cortisol for the sham cows is actually lower than other published data (Lay et al., 1992a,b,c,d) ; however, these were mature cows that were accustomed to handling. Because the body weight of the cows increased during gestation, each application of treatment resulted in a greater dose of ACTH for the ACTH-treated cows. However, plasma concentrations of cortisol for the ACTH cows did not change with subsequent application of treatments, indicating that serial injections of ACTH at 20-d intervals do not alter adrenal response to exogenous ACTH. This observation validates the use of multiple challenges of ACTH at 20-d intervals to test adrenal function without altering adrenal response.
Implications
These experiments demonstrate that maximal plasma cortisol concentrations in Brahman cattle can be obtained with doses of ACTH much smaller than those traditionally injected. If the desired effect is to maintain cortisol concentrations for a longer duration, then greater doses of ACTH can be used. However, the use of ACTH to mimic an actual stressor has severe limitations because other systems besides the hypothalamic-pituitary-adrenal (HPA) axis are stimulated by actual stressors. Injections of ACTH are useful to study the effects of prolonged cortisol release that may be similar to those found in certain stress situations. Additionally, an animal has the ability to adapt to stress, thereby decreasing activation of the HPA axis, whereas the adrenal's response to injections of ACTH seems to be excluded from this adaptation process at the intervals used in this study.
